Tension Leg Platform (TLP) is one of the concepts which shows promising results during initial studies to carry floating wind turbines. One of the concerns regarding tension leg platform wind turbines (TLPWTs) is the high natural frequencies of the structure that may be excited by nonlinear waves loads. Since Computational Fluid Dynamics (CFD) models are capable of capturing nonlinear wave loads, they can lead to better insight about this concern. In the current study, a CFD model based on immersed boundary method, in combination with a two-body structural model of TLPWT is developed to study wave induced responses of TLPWT in deep water. The results are compared with the results of a potential flow theory-finite element software, SIMO-RIFLEX (SR). First, the CFD based model is described and the potential flow theory based model is briefly introduced. Then, a grid sensitivity study is performed and free decay tests are simulated to determine the natural frequencies of different motion modes of the TLPWT. The responses of the TLPWT to regular waves are studied, and the effects of wave height are investigated. For the studied wave heights which vary from small to medium amplitude (wave height over wavelength less than 0.071), the results predicted by the CFD based model are generally in good agreement with the potential flow theory based model. The only considerable difference is the TLPWT mean surge motion which is predicted higher by the CFD model, possibly because of considering the nonlinear effects of the waves loads and applying these loads at the TLPWT instantaneous position in the CFD model. This difference does not considerably affect the important TLPWT design driving parameters such as tendons forces and tower base moment, since it only affects the mean dynamic position of TLPWT. In the current study, the incoming wave frequency is set such that third-harmonic wave frequency coincides with the first tower bending mode frequency. However, for the studied wave conditions a significant excitation of tower natural frequency is not observed. The high stiffness of tendons which results in linear pitch motion of TLPWT hull (less than 0.02 degrees) and tower (less than 0.25 degrees) can explain the limited excitement of the tower first bending mode. The good agreement between CFD and potential flow theory based results for small and medium amplitude waves gives confidence to the proposed CFD based model to be further used for hydrodynamic analysis of floating wind turbines in extreme ocean conditions.
Introduction
Wind energy is one of the best options to produce renewable energy. Although land-based wind turbines are well developed, the offshore wind industry is still in development. Currently only 2% of the electricity, produced from wind resources, comes from offshore [1] . The main problem regarding harvesting energy from offshore wind turbines is the total cost of energy, which can be reduced if lighter support structures can be designed to carry offshore wind turbines. Lighter support structure design requires more reliable and precise analysis of the environmental loads.
TLP is one of the support structures which remains stable mainly through the mooring system which includes a number of pre-tensioned stiff tendons. The TLP concept was introduced in 1970s [2] for the oil and gas industry and has been built and used successfully afterwards, however there have always been concerns about nonlinear wave loads on TLPs. These nonlinear wave loads might excite the natural frequencies of the TLPs. Different experimental tests such as the experiments performed by Mercier et al. [3] and Lonergan et al. [4] showed the importance of this high order wave loads on TLPs. Later Faltinsen et al. [5] developed a formula (known as FNV formula), based on potential flow theory, to calculate some components of nonlinear wave loads on slender vertical cylinders. Their calculations and derived formula showed the importance of the third-order wave loads when the wave amplitude is of the same order as the cylinder diameter. For TLP structures these third-order wave loads are important since they might coincide with one of the structure's natural frequencies and can lead to transient large amplitude response of the structure (known as ringing) [6] .
Initial analysis of TLP platforms to carry wind turbines also shows promising results [7, 8] . TLP platforms are very favourable to carry wind turbines because of very small pitch motion, leading to small nacelle motion. However, just as for TLPs designed for the oil and gas industry, TLPWT natural frequencies may be excited by the nonlinear wave loads. The linear hydrodynamic analysis of TLPWT has been studied extensively [9, 10, 11] . However, nonlinear models have only been used recently. Roald et al. [12] studied the effect of second-order wave loads on a TLP wind turbine and showed that including the sum-frequency second-order wave loads have considerable effects on the heave response of TLP wind turbine. Bae and Kim [13] studied the sum-frequency second-order wave loads on a TLP wind turbine. Their results for the considered 5 MW TLPWT showed that considering the sum-frequency wave loads may excite the TLPWT pitch natural frequency in the survival condition. Bachynski and Moan [14] studied the third-order loads on a TLPWT using the FNV formula. Their results indicated that, ringing has a considerable effect on the responses of TLPWTs which have natural pitch/bending periods around 3-4 seconds.
All of the mentioned nonlinear hydrodynamic load investigations are based on potential flow theory analysis which limits the hydrodynamic modeling to linear or weakly nonlinear models. Another approach is to use CFD methods which can model nonlinear wave loads very well. The CFD based models to simulate floating wind turbines are very recent. Beyer et al. [15] studied surge free decay test of a floating wind turbine by coupling a CFD model with FAST [16] , a wind turbine design tool. They intended to obtain the damping coefficient of a floating wind turbine by using a CFD approach. Ren et al. [17] used a CFD based commercial software to simulate wind and wave loading on a TLPWT, however their model was only allowed to have surge motion, hence heave and pitch natural frequencies could not be excited. Benitz et al. [18] used OpenFOAM, an open source CFD based code, to study the wave loads on a semi-submersible wind turbine and compared the results with HydroDyn, a potential flow theory based code for hydrodynamic analysis [16] . A good agreement between two results was achieved, however in the simulations the effects of semi-submersible motions on the hydrodynamic loads were neglected. Finally, Liu and Hu [19] and Hu et al. [20] carried out CFD based analysis of different types of semi-submersible floating wind turbines with focus on hydrodynamic loads. They used CIP method [21] for the CFD simulations and compared their results with experimental data and achieved good agreement.
In order to better understand the nonlinear wave loads on TLPWTs, a CFD model in combination with multi-body approach for modeling a TLPWT is presented here and is used to study the interaction of this floating wind turbine with regular waves. Based on the presented model, the tower base bending moment due to the wave loading can also be investigated. All of the numerical results are compared with a potential flow theory-finite element software, SR.
By using this CFD approach, the platform is completely free to float, linear assumption for the incoming wave is not required, and nearly all the nonlinear wave loads on the TLPWT can be captured without relying on any experimental coefficients. The current CFD model was initially proposed by Nematbakhsh et al. [22] and used to simulate a single rigid body TLP and a spar buoy floating wind turbine [23] . The numerical model was extended in Nematbakhsh et al. [24] to a two-body model and initial comparisons with potential flow theory approach results were performed for a modified TLPWT which has very stiff tendons and pitch motion was extremely small. The present research significantly extends the previous works [22, 23, 24] by improving the structural model of the TLPWT in which the tower and tendons damping effects are also considered, by presenting a more complete description of the two-body model of TLPWT, and by studying the responses of a TLPWT, designed by Bachynski et al. [11] for regular waves.
In comparison of the results calculated by the CFD and potential flow theory approaches, in general good agreement between both models is obtained, although some limited differences in nonlinear components of the TLPWT responses are observed which will be discussed.
The rest of the paper is organized as follows. In section 2, the CFD based model and potential flow theory based software, SR, are described. In section 3, initially TLPWT free decay tests are performed and natural frequencies of the TLPWT are assessed. Then the responses of the TLPWT to incoming wave which has a chance of exciting the tower first bending mode are examined, and finally the effects of varying wave amplitudes on the TLPWT responses are studied. Conclusions are presented in section 4.
Computational Model
In this section the CFD based model which is the main focus of the current work is described in detail and a brief review of the potential flow theory based model is given.
CFD Based Model
The numerical model consists of a fluid-structure interaction part and a structural part. The fluid-structure part is developed based on solving Navier-Stokes equations. The structural part consists of the models used to simulate components of the floating wind turbine namely, the tendons, tower, rotor and the nacelle. These two parts are coupled and information is exchanged between these two parts at every time step. In the present work, NREL 5 MW wind turbine [25] is mounted on a TLP. The TLPWT is shown in Figure 1 and the properties are described in Table 1 . 
Fluid-Structure Interaction Model
This part consists of solving the Navier-Stokes equations to follow the fluids' motion (water and air), tracking the free surface by using the level set method, modeling the floating wind turbine hull which interacts with water by an immersed boundary method, and finally determining a forcing term which couples this part with the structural part. This part has been verified in the works by Nematbakhsh et al. [22, 24, 26] by performing different numerical tests including; studying vortex shedding behind a circular cylinder and comparing the results with experimental data, comparing wave induced surge, heave and pitch responses of a barge with experimental data, and comparing hydrodynamic loads on a surface piercing fixed cylinder with experimental data. The Navier-Stokes equations which are supplemented by the continuity equation can be written as follows for incompressible flows;
where ρ is density, u is velocity, g is the acceleration due to gravity, and µ is the dynamic viscosity. The Navier-Stokes equations are solved in the whole domain including the water, the air and the solid by using second-order finite volume discretization methods in space and time. The advection terms are discretized by secondorder ENO (essentially non-oscillatory) method [27] , the viscous terms by a second-order central difference approach, the pressure is obtained by an iterative approach, and finally the velocities are updated by a second-order predictorcorrector method.
The updated velocities, obtained from the Navier-Stokes equations, are used to track the free surface of the waves.
The free surface is in fact an air-water interface, hence one of the standard methods to model two-phase flows can be used [28] . The level set method [29, 30] is adopted which is a popular approach in two-phase flows simulations and can easily capture the interface between fluids with high density ratios (1025:1 here) even with very steep interface curvatures. The method is based on defining a distance function for each numerical cell, positive for one fluid, negative for the other fluid and zero for the fluids' interface. The magnitude of this distance function in each cell is equal to the shortest distance from the fluid's interface. By advancing the distance function in time, the interface of the fluids can be tracked easily, hence the free surface of the waves is updated in every time step. More details about the level set method can be found in [31] .
After locating the wave free surface by the level set method, the new hull position needs to be calculated. This can be achieved by using an immersed boundary method [32] . In the immersed boundary method, the solid body (hull here), is immersed in the numerical grid points, therefore there is no limitation regarding the solid motion plus no re-meshing technique needs to be adopted. In this method, initially the whole domain including the solid part is 
In Equation 3, m s is the solid (hull) mass, u s cg is the solid velocity at the center of gravity, Ω is the numerical domain volume, C is a marker function to define whether a grid point is inside or outside the solid, I s cg is the mass moment of inertia of the solid respect to the solid center of gravity, ω s is the solid angular velocity, and finally r is a vector from the solid center of gravity to any grid point in the numerical domain. The linear and angular velocities from Equation 3 are used to update the solid cell velocities, resulting in a rigid motion for the solid.
The no-penetration boundary condition on the solid-fluid interface is imposed by forcing the velocities in the whole domain, including the cells through which the solid-fluid interface surface is passed, to be divergence free.
Imposing each of rigid body and no-penetration constraints may slightly violate the other constraint, therefore a couple of iterations can be used to better satisfy both constraints. See [32] for more details about the immersed boundary method.
The described method is solved in a numerical domain shown in Figure 2 . The platform is placed 4 wavelength from the wave generator and the grids are clustered around the platform ( Figure 2a ) and coarsened downstream to damp out the incoming waves ( Figure 2b ). Waves are generated from upstream end by defining an inflow-outflow boundary condition from linear Airy wave theory. As the wave propagates in the numerical domain, it becomes completely a nonlinear wave, since it is satisfying nonlinear boundary conditions (nonlinear free surface) and solved by the nonlinear equations (Navier-Stokes equations) [33] . The slip boundary condition is imposed on the other sides of the numerical domain except on the top which the air is allowed to go in and out to conserve the mass at each time step in the whole numerical domain
Structural Model
The TLPWT is considered as a two-body model. The first body consists of the rotor, nacelle and the tower rigidly connected together. The second body is the hull which is fully modeled in the fluid-structure interaction part. The connection between these two bodies are provided by a pin, rotational spring, and a rotational damper. The tendon effects are considered as external forces consists of a spring and a damper. The tendon forces reduce to zero in the slack condition.
The rotational spring stiffness at the connection point represents the tower first bending mode [34] . The reason for modeling the tower first bending mode is to investigate whether this mode can be excited by high order wave loads.
In order to calculate this rotational spring coefficient, the tower potential energy due to a unit tip displacement in the first tower bending mode is calculated. The rotational spring coefficient should result in the same potential energy due to the same tower tip displacement. The rotational spring coefficient becomes;
where E is the tower modulus of elasticity, I CT ow is the tower cross section second moment of area, and L T ow is the tower length. The tower first bending mode of the TLPWT can also be determined by a finite element model in the SR software. Therefore, a correction factor, C Cor (0.81 here) is multiplied to the right hand side of Equation 4 to achieve the precise value. The tower structural damping ratio is 1% according to NREL 5 MW wind turbine reference manual [25] . Rayleigh damping model is applied to acquire approximately the desired damping ratio at the frequency of the tower first bending mode. This results in Rayleigh stiffness-proportional damping coefficients equals to 0.007 s and mass-proportional damping coefficient equal to zero [35] .
After defining the tower rotational spring stiffness and damping coefficient, equations of motion for the first body (rotor-nacelle-tower) of the two-body model of TLPWT can be developed. A Lagrangian approach is chosen to develop the equations and the equations are linearized. The linearization can be justified because the pitch motions of the hull and tower are small due to the high stiffness of the TLP tendons and tower. Also, due to the high stiffness of TLPWT tendons in heave, the contribution of the heave coupling to the tower rotational motion is small enough to be neglected. This results in the following formula for the tower rotational angle. The TLPWT configuration, assuming a finite independent rotation of the hull and tower, is shown in Figure 3 . 
Equation 5 takes the hull kinematic values (ẍ Hull ,θ Hull ,θ Hull , θ Hull ) from the fluid-structure interaction part and updates the tower angle at the new time step.
The forces from the tendons along with the forces and moments from the tower will create a net force and a net moment on the hull. The net force and the moment are applied as a distributed force on each cell of the grid points occupied by the hull. This force creates F on the right hand side of the Equation 1.
In this approach, the hull kinematic values are imported from the fluid-structural part to the structural part, and the net force F is imported from the structural part to the fluid-structure part. Hence, information between the two parts is exchanged in each time step and the simulation is coupled. Few iterations can be performed in each time step to assure that the coupling terms (F and hull kinematic values) are fully converged, before marching to the next time step. However, in practice we have found it to be more computationally efficient to take smaller time steps and let each part use the information form previous time step of the other part and as a consequence iterations in every time step can be avoided.
Since in the presented numerical model the input of the fluid-structure interaction part from the structural part is a forcing term, the structural model presented here can be easily replaced with other structural models such as finite element models [11] or multi-body models with higher degrees of freedom [36] . In the current study the focus is on hydrodynamic analysis of TLPWT, therefore no wind load is applied. If desired, the wind forces can be applied to the rotor as function of time and the resultant force and moments will be treated as an additional external load [22] .
Potential Flow Theory Based Model (SIMO-RIFLEX)
Simulations using SIMO-RIFLEX (SR) have also been carried out for comparison. This aero-hydro-servo-elastic simulation tool, developed by MARINTEK, has been used to study numerous types of floating wind turbines -both with an internal aerodynamic module and coupling to NREL's AeroDyn code [37, 35, 38] . SIMO [39] models the rigid body hydrodynamics of the hull while RIFLEX [40] includes the finite element solver, and flexible elements for the mooring lines or tendons, tower, shaft, and blades. The SIMO-RIFLEX simulation tool has been used and validated for various offshore structures [41, 42, 43, 44] .
In the present simulations, the aerodynamic loading on the wind turbine is not included. and C a = 1.0. Based on the small tendon diameter and the fact that they are far from the free surface, the total hydrodynamic forces on the tendons are negligible compared to the forces on the hull. The different structural and hydrodynamic models used in CFD and SR approaches are tabulated in Table 2 . 
Results
In this section, the TLPWT, described in section 2 (see Figure 1 and Table 1 ), is studied in detail. Initially, a grid sensitivity study is performed to get an insight about the effect of number of grid points on the TLPWT responses.
Then, free decay tests are performed in different directions to assess the TLPWT natural frequencies. The responses of the TLPWT to regular waves is studied, and finally the effect of varying the wave height on the TLPWT response is investigated. All of the simulation results are compared with the SR software.
Grid Sensitivity Study
CFD models can handle very well nonlinear wave loads on offshore structures but usually require considerable computational time and cost. Therefore, assessing the required number of grid points is an important factor. In this section, a free heave decay test of the TLPWT is studied with various numbers of grid points. Since TLPWT has a high natural frequency in heave, even few seconds of heave decay simulation still contains number of response cycles that can give some insights about the effects of grid resolution on hydrodynamic parameters such as added mass and damping ratio.
An initial heave displacement from the hydrostatically stable position of the TLPWT is given and the results are plotted in Figure 4a . It can be seen that the frequency of the CFD results are converged for 10 million grid points and the result with 3 million grid points also gives very good predictions. It is interesting to note that even the results with 1 million grid points give an essentially accurate prediction for the platform heave frequency. shows the logarithmic ratio of the second (X 2 ) to third (X 3 ) maximum peak in heave. The first peak response is not considered, since it might be affected by the initial heave displacement. It can be seen that precise prediction of heave damping requires more refined grids than heave frequency. In Figure 4b although the results are not fully converged, the convergence trend can be clearly seen. Simulations with finer grid points are desirable but avoided due to the very high computational cost.
From the above simulations, it can be concluded that parameters like added mass and hydrodynamic restoring stiffness governing the TLPWT natural frequencies can be modeled by using a relatively coarse grid. However, very accurate prediction of the damping coefficient requires a more refined grid points due to boundary layer contribution, and in this case, very small heave response. In the current study, wave frequency of interest is not close to the platform natural frequencies, hence the effects of viscous damping should be limited. Therefore, baseline number of grid points for the rest of the simulations was chosen to be 3 million grid points which results in very good accuracy in natural frequency and acceptable prediction for damping ratio, while allowing for reasonable simulation time.
Free Decay Tests
The surge and heave decay tests are performed by giving a finite displacement from the static equilibrium position.
The results are plotted in Figure 5a accurate modeling of radiational and viscous damping in this scale requires extremely fine grid points. However, heave damping should not greatly affect the TLPWT global response, because the heave natural frequency is very far from studied wave frequency and the typical ocean wave spectrum frequency range. Moreover, due to the large draft of the TLPWT hull, the wave loads on TLPWT in heave are limited. Some numerical analysis of TLPWTs shows promising results even by neglecting the heave motion [8] . Figure 5c shows the pitch decay responses of the TLPWT hull. An initial 0.03 deg pitch angle is given to the hull and tower of TLPWT (see Figure 3) . Due to the high stiffness of the TLPWT tendons, a small initial pitch angle must be given, such that the tendons remain in tension. The TLPWT pitch response predicted by both the CFD and SR approaches is shown in Figure 5c . The CFD pitch decay test shows two natural frequencies at 2.22 rad/s and 14.28 rad/s. The lower natural frequency is primarily due to tower first bending mode natural frequency, while the higher natural frequency is more related to the TLPWT hull pitch motion and the stiff supporting tendons. The SR pitch decay test shows two dominant frequencies at 2.22 rad/s and 11.36 rad/s and some responses related to bending modes of tendons and second tower bending mode. In the CFD model, the tendons are modeled by external loads and the tower second bending mode is not considered. The main focus of the current investigation is related to the wave loads on the hull of the TLPWT and possible excitation of the first tower bending mode. Therefore, the simplification of the tower and tendon structural models in the CFD approach should not greatly affect the interested results. The lower frequency damping in the pitch direction is a function of tower damping, given explicitly in Equation 5. The CFD model predicts more high-frequency damping than the SR approach probably due to the simplification of viscous damping in the SR model and/or due the numerical damping in the CFD model. As discussed in subsection 3.1, the damping effects on TLPWT global response for the regular waves outside of resonance frequency are limited.
TLP Response to a Regular Wave
In this part, the response of the TLPWT to a wave with 0.75 rad/s frequency and 7.7 m height is studied. 30 cells in wavelength are used to simulate propagated waves. Numerical damping leads to approximately 3.5% decrease in wave height per wavelength propagation, therefore higher amplitude wave is generated at the wave generator to reach the desired value at the platform position. In general, numerical damping of wave due to wave propagation varies depending on the wave steepness and number of cells resolving the wave.
The wave frequency was chosen such that the third-harmonic of the incoming wave frequency coincides with the first tower bending mode frequency. Assuming the maximum water's particle velocity as the representative velocity of the flow and TLP hull diameter as the representative length scale, the Reynolds number (Re) is equal to 4 × 10 7 and Keulegan-Carpenter number (KC) equal to 1.73, not accounting for the TLP hull relative velocity. If the TLP hull relative velocity becomes large, it may significantly affect the KC number [46] . However, the TLP maximum oscillating velocity, as it will be shown in the results, is less than 30% of the maximum water's particle velocity. Therefore, the Re and KC number will not vary significantly and the flow regime predicted here is accurate enough.
For the considered simulation although the Reynolds number is high, due to low KC number there is not enough time for shedding of vortices behind the hull [47, 48] . Hence, the creation of strong vortices is not expected and using a turbulence model is not essential for the CFD simulations. Moreover, studied performed by Yu et al. [49] claimed that the presence of free surface may inhibit vortices near the wake of circular cylinder. Therefore, it is expected that shedding of vortices behind the TLPWT hull may occur at even higher KC numbers than the values reported for circular cylinder in the absence of free surface (KC 4 [48] ).
It should be noted that, if the wave load analysis contains large KC and Re numbers, strong vortices may shed from the TLPWT hull. Therefore, accurate prediction of the flow field may require a turbulence model with a wall function to resolve properly the boundary layer. An example of using the current CFD approach with a turbulence model can be found in [50] .
A snapshot of the numerical simulation, the related close-up view and the sectional velocity are shown in Figure 6 .
In the close-up view the small radiated waves around the hull can be seen. The sectional velocity is taken 5 meters below the mean water level to make sure it remains below the free surface. As expected, due to low KC number no shedding of vortices behind the hull can be seen. In this simulation, the ratio of the incoming wavelength to hull diameter is rather large, hence the diffraction of incoming wave by the hull is limited. Therefore, the flow field velocity at the front of cylinder (in this snapshot, right side of cylinder) contains the velocity component in x direction, while response at the wave frequency (0.75rad/s) and coupling is not expected due to the large difference in the frequencies.
In Figure 8a also a much larger mean surge in the CFD results (S /D = 0.07) can be seen compared to the SR model (S /D = 0.0018). This mean surge shifts the TLPWT downstream and heave response also will be affected. However, it will not vary significantly design driving parameters such as pitch motion, tendon forces and tower base moment because it only results in a new dynamic mean position. The response of both methods at the incoming wave frequency is in relatively good agreement and the difference between two approaches is within 8%.
The heave response of the TLPWT, calculated by the CFD and SR models in the time and frequency domains, is shown in Figure 9 . In the CFD results, there is a low frequency response, a response at the wave frequency, and twice the wave frequency. The SR result shows a very small amplitude response at the wave frequency and a dominant response at twice the wave frequency. The heave motion of the TLPWT, as for the oil and gas TLPs, is mainly governed by the surge induced motion (set-down motion). The heave motion due to the heave force on the TLPWT is very small due to the high stiffness of TLPWT tendons. If the still water equilibrium position of the TLPWT is used as the referenced point for measurements, both negative and positive surge motions result in a negative heave motion, which can be seen in both CFD and SR time domain results (Figure 9a ). It can be seen that the main heave frequency response of the SR results is at twice the wave frequency, while according to the CFD results, the heave motion responds more with the wave frequency (Figure 9b) . This difference is mainly due to the heave response induced by the mean surge motion which results in a lower heave position (negative heave) compared to the initial position (zero heave). When a wave crest reaches the TLPWT, after a quarter of the wave period the maximum surge response occurs and at the same time heave reaches to the maximum negative value. This can be seen in both the SR and the CFD results. The next quarter period, the TLPWT returns to the mean position, which is nearly zero heave for the SR model, while it is a negative value for the CFD model. A quarter period later, the TLPWT reaches the minimum surge position. Hence, according to the SR model the TLPWT again reaches to the maximum negative heave value and the heave cycle is completed. However, according to the CFD model, the heave value is not the same as half a period before because of the mean surge motion. According to Figure 9a the TLPWT after passing the zero heave value, reaches a position with smaller negative value. Therefore, the heave cycle is not completed yet in the CFD model and it takes another half wave period to be completed (in total one complete wave period).
Note that, in this simulation the amplitude of the mean surge motion is less than the peak to trough surge response at the wave frequency, therefore within a half period after the minimum heave is reached, the TLPWT will pass the zero heave position but will not reach exactly the same negative heave value. Hence the CFD results for the heave response show components of both the wave frequency and twice the wave frequency (Figure 9b ). In the limit that the mean surge motion becomes larger than the peak to trough surge response at the wave frequency, the TLPWT will not reach the zero heave position at all, hence there is no heave response with twice the wave frequency. On the other hand, in the limit that the mean surge response becomes zero, within half a period the TLPWT passes the zero heave position and reaches exactly to the same negative heave value. Therefore in this case the CFD results, the same as the SR results, only will show heave response with twice the wave frequency.
Figure 9a also shows nonuniformity in the heave amplitude which is due to the undamped slow transient surge response of the TLPWT and can be observed in the frequency domain response as a small peak at 0.115 rad/s (surge natural frequency).
The pitch angle response of the TLPWT in the time domain and frequency domain is shown in Figure 10 . The CFD results shows 15% lower response compared to the SR model. This difference can be due to the difference in the structural (tendons) or hydrodynamic load modeling. In the CFD model, the effects of hull motion for calculating hydrodynamic loads is take into account while in the SR model the hydrodynamic loads are applied at the hull mean position. This relative motion allows the hull to follow the wave and may cause lower moment on the hull. In the frequency domain response of the CFD model, there is a peak at 1.5 rad/s which is twice the wave frequency. The second-harmonic wave frequency response can also be seen in the SR model, although in this model the incoming wave only contains the linear wave (Figure 7b ). Nonlinear models included in the SR software, such as integrating the drag force up to free surface as well as pitch coupling with other modes, can be the reason for the second-order pitch response. Also, in both models, there is a peak at 2.25 rad/s, which is third-harmonic wave frequency and coincides with the first tower bending mode. In the SR model, nonlinear models in the SR explained earlier, may result in a third-order harmonic load which will excite the tower natural frequency. The prediction of the third-harmonic pitch response amplitude is small. In the time domain CFD results, a mean positive pitch angle equal to 0.004 degrees can also be seen which is most likely due to pitch moment caused by the mean wave force in surge direction.
The upstream and downstream tendon forces in the time domain and frequency domain are shown in Figure 11 .
Only one of the upstream tendon forces is shown since the other tendon force is identical (no-roll motion). The forces of the tendons are mainly function of the hull pitch response and the difference between tendon forces calculated by the CFD and SR models are within 6%. Comparing Figure 11 with Figure 10 , it can be seen that, the second-harmonic and the third-harmonic forces are also following the hull pitch response. For the studied TLPWT, surge and heave do not contribute significantly to the TLPWT's tendon forces. The surge effects on the tendon forces are small, since the wave loads in the surge mainly results in rigid body set-down motion of the hull. The heave effects on the tendon forces is small as well, since the TLPWT heave response is very small. This is because the hull bottom is far from the free surface. Knowing that the wave forces reduce exponentially by the increase of distance from the free surface, the effective wave force applied to the hull bottom in the heave direction becomes very small.
The tower base bending moment in the time domain and frequency domain is shown in Figure 12 . The tower base bending moment is mainly due to the surge motion of the nacelle and rotor masses on top of the tower, leading to a large moment on the base of the tower. The TLPWT pitch motion also contributes, but it is relatively small because of very limited TLPWT pitch angle (maximum 0.016 deg in the current simulation). The CFD results shows 19%
higher moment compared to the SR model. Since the surge response is in good agreement, the discrepancy is most likely due to the difference in the tower modeling. In subsubsection 2.1.2, a correction factor (0.81) is multiplied to the representative rotational stiffness of the tower to obtain the desired first bending mode frequency. This correction factor results in reduction of the tower stiffness and can lead to over-prediction of tower base bending moment. In the CFD results, a second-harmonic response due to the second-harmonic component of pitch can be seen. In the frequency domain response by the SR model, a small peak at three times the wave frequency can be seen. Based on the CFD and SR results, the magnitude of the tower base bending moment due to the third-harmonic incoming wave is small compared to moment at the wave frequency, although the frequency coincides with tower first bending mode.
TLP Response to Different Wave Heights
The TLPWT is studied for wave heights 3.9, 6.0 and 7.7 m (0.035 < H/λ < 0.071) while keeping the wave frequency the same and the variation of responses are studied ( Figure 13 ). As expected the differences between the CFD and SR results are smaller in the lower amplitude waves and larger in the larger ones. The surge shows a linear trend in both CFD and SR results with respect to wave amplitude. Frequency analysis of TLPWT surge response for wave height 7.7 m (Figure 8b ) also shows very small contribution from the nonlinear terms. The pitch response shows excellent agreement in the smallest wave amplitude, while the difference becomes higher for the larger waves. The nonlinear trend can be due the higher order components of the incoming waves which can also be seen in frequency analysis of the TLPWT pitch response for wave height 7.7 m (Figure 10b ). The CFD based results for maximum tendon forces, show better agreement for smallest wave and some differences in the larger ones. In the CFD results the upstream tendon forces are larger than SR results, while the downstream tendon forces are smaller. The difference should be due to the tendon forces induced by mean pitch response (Figure 10a ). In the tower first bending moment results, there is a consistent difference between the CFD and SR model in all the wave heights. Since this difference also exists for the smallest wave in which nearly all the other responses are in good agreement, the difference is most likely due to modeling the tower as a single body in the CFD based approach.
Computational Time
In the CFD approach for hydrodynamic analysis of the TLPWT, the whole computational domain needs to be discretized, while in the potential flow theory approach, only the wet surface and the water free surface (secondorder analysis) need to be resolved. Therefore, although CFD model gives more details about the flow field, it comes with considerably higher computational cost. For the baseline simulation described in subsection 3.3, details about computational cost of the two approaches are shown in Table 3 . The results are compared with corresponding results based on a potential flow theory-finite element software, SIMO-RIFLEX (SR). The TLPWT dynamic behaviour is studied by performing a grid sensitivity study to assess the required number of grid points and free decay tests to determine its natural frequencies. The responses of the TLPWT to small and medium amplitude regular waves are studied and overall good agreement between both approaches is obtained.
Comparison of TLPWT responses performed by both approaches for incoming wave with 0.75 rad/s frequency and 7.7 m height are studied in detail. For this wave condition, the TLPWT surge shows a dominant response at the incoming wave frequency and good agreement between both approaches is observed. A higher mean surge is noted in the CFD based method. This can be due to better representation of nonlinear effects in the CFD based model, namely by applying the hydrodynamic force at the TLPWT instantaneous position and by integrating the hydrodynamic loads up to exact free surface. The higher mean surge in the CFD based model results in TLPWT mean position to be further downstream in surge and lower in heave. However, these differences do not considerably affect the TLPWT design driving parameters such as tendon forces and tower base moments, since it only affects the dynamic mean position of Regarding the TLPWT hull pitch, more nonlinear components in response can be seen compared with surge and heave. This can be due to the variation of hull wet surface in time which results in nonlinear wave forces on the TLPWT. Since the free surface is far from the TLPWT center of gravity, relatively large nonlinear moment is induced on the hull.
Tendon forces are mainly governed by the TLPWT's pitch response, and the surge and heave responses do not highly contribute to the tendon forces. The surge contribution to the tendon forces is small since the surge response of the TLPWT mainly results in a rigid body set-down motion of TLPWT. The heave contribution to the tendon forces is small as well, because the hull bottom is far from the free surface and is not exposed to considerable wave loads.
In order to study the tower base bending moment in the CFD approach, the tower is modeled as a rigid body connected to the hull by a rotational spring and damper. The rotational spring stiffness is set such that the precise value for tower first bending mode frequency can be acquired. In the potential flow theory based model, however, finite element method is used to model the tower. Although different models are used, acceptable agreement between two approaches for the tower base bending moment is obtained. This agreement demonstrates that the simplified tower model used in the CFD based model can result in a reasonable estimation for tower base bending moment of TLPWT.
In the current study the incoming wave frequency is set such that the third-harmonic wave frequency coincides with tower first bending mode frequency. However, for the studied wave heights a significant excitement of tower first bending mode is not observed. The very stiff tendons of TLPWT which results in linear hull and tower pitch motions, can explain the reason that the tower is not highly excited by the wave loads.
Finally, the effects of wave height variation on the TLPWT response is studied by both approaches. The difference between two approaches, as expected, is lower for the smaller waves and becomes larger as the wave height increases.
The good agreement between the CFD and potential flow theory based models in small and medium amplitude waves gives confidence for further application of the proposed CFD-structural model for further application in hydrodynamic analysis of floating wind turbines.
Future work
In the current work, the authors investigate the accuracy of the developed CFD model by studying cases in which relatively good agreement between CFD and potential flow theory based results is expected. In future work, the focus will be one the cases where there may be larger discrepancies. The proposed CFD-structural model will be used to study a TLPWT for irregular waves in extreme ocean conditions in which the nonlinear effects such as ringing have high chance of occurrence and might significantly excite the tower first bending mode. The nonlinear wave induced responses determined by CFD method will be compared with predictions obtained by nonlinear potential flow theory based models such as nonlinear model developed by Faltinsen et al. [5] .
